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aging; blood flow; hyperemia; oxidative stress; reactive oxygen species; tempol ADVANCING AGE IS ASSOCIATED with a variety of cardiovascular perturbations that disrupt contracting skeletal muscle vascular control. Specifically, with senescence there is altered arteriolar structure and function (4, 35, 47) , diminished active hyperemia (21) , redistribution of bulk blood flow among and within skeletal muscles during exercise (36) , and impaired muscle capillary hemodynamics during contractions (12) . The consequent temporal mismatch between O 2 delivery and utilization (assessed via muscle microvascular oxygen partial pressure) during transitions in metabolic demand in aging (3, 19) is likely to compromise skeletal muscle metabolic control and contribute to reduced exercise capacity (40) .
Oxidative stress, characterized by reactive oxygen species (ROS) accumulation that overwhelms the buffering capacity of the endogenous antioxidant system, is a significant modulator of skeletal muscle perfusion (56) . ROS are produced at multiple sites within the skeletal muscle and vasculature at rest and during contractions (2, 22, 31 (16) , cumulative increases in free radicals during skeletal muscle contractions (2, 5) in conjunction with impaired antioxidant mechanisms (32, 57) represent major contributors to impaired vascular control during dynamic exercise (e.g., handgrip and plantar flexion; Refs. 23, 58) in this population.
The antioxidant tempol (4-hydroxy-2,2,6,6-tetramethylpiperidine-1-oxyl) is a stable, low molecular weight, cell membrane-permeable amphilite that has SOD and catalase-like (i.e., facilitates H 2 O 2 dismutation to H 2 O and molecular O 2 ) properties and restricts generation of the vasoconstrictor · OH via the Fenton reaction (i.e., the interaction between ferrous iron and H 2 O 2 ; Refs. 46, 48, 55) . Accordingly, tempol administration in diverse models of oxidative stress has elicited reduced cellular O 2 ·Ϫ generation (33), increased NO bioavailability (38, 44) , attenuated sympathetic nervous system (SNS) activity at central and peripheral sites (7, 45) , altered redox-sensitive regulation of potassium channels expressed on neurons and/or vascular endothelium (8, 45, 62) , and decreased tone in multiple vascular beds (46, 48, 55) .
Notwithstanding these observations, Sindler et al. (47) reported recently that antioxidant treatment with tempol actually diminished flow-mediated vasodilation in isolated arterioles from the highly oxidative soleus muscle of aged rats. Flow-mediated vasodilation in tempol-treated arterioles was restored by the iron chelator deferoxamine (47) , indicating that augmented iron accumulation with advanced age (63) likely promoted the formation of · OH in the presence of excess H 2 O 2 generated via the SOD activity of tempol (30) . However, it is presently unknown whether antioxidant supplementation in senescent individuals impairs vascular control in vivo and whether this effect varies as a function of skeletal muscle fiber type composition and metabolic rate (i.e., rest vs. whole body exercise). Considering that highly oxidative muscle fibers compared with their low oxidative counterparts place a relatively greater reliance on increased convective O 2 delivery (rather than elevated fractional O 2 extraction) and therefore endothelium-dependent vasodilation to support oxidative metabolism (20) , an integrated approach might be required to investigate the multiple antioxidant effects of tempol on vasomotor control at rest and during exercise.
The aim of this study was to determine the effects of acute intra-arterial administration of the antioxidant tempol on systemic hemodynamic control [mean arterial blood pressure (MAP) and heart rate (HR)] and total, inter-and intramuscular hindlimb, kidney and splanchnic organ vascular conductance (VC; blood flow normalized to MAP) at rest and during submaximal whole body exercise in aged rats. Based on evidence from in vitro experiments from Sindler et al. (47) , it was hypothesized that this antioxidant strategy in aged rats would decrease VC at rest and during exercise particularly in the individual hindlimb muscles or muscle parts possessing a high percentage of oxidative fibers.
METHODS
Animal selection and care. Eighteen old male Fischer 344 x Brown Norway rats (F344xBN; age: 25-26 mo; weight: 578 Ϯ 10 g) were used in this investigation. The age selected represents senescent rats according to the life span of the F344xBN rodent strain (25) . Rats were maintained on a 12:12-h light-dark cycle with food and water provided ad libitum. All experimental procedures were conducted under the guidelines established by the National Institutes of Health and approved by the Institutional Animal Care and Use Committee of Kansas State University. Initially, animals were assigned randomly to either a rest (n ϭ 8) or exercise (n ϭ 10) group. Before the initiation of the experimental protocol, the exercise group was familiarized with running on a custom-built motor-driven treadmill during a ϳ2 wk period, in which rats exercised for 5 min/day at a speed of 20 m/min up a 5% grade.
Surgical procedures. On the day of data collection, rats were first anesthetized with 5% isoflurane gas. Subsequently, while being maintained on a 2-3% isoflurane-O 2 mixture, one catheter (PE-10 connected to PE-50; Clay Adams Brand) was placed in the ascending aorta via the right carotid artery and another was placed in the caudal (tail) artery as described previously (37) . Both catheters were tunneled subcutaneously to the dorsal aspect of the cervical region and exteriorized through a puncture wound in the skin. After closure of the incisions, anesthesia was terminated and the animal was given 1-2 h to recover before the initiation of the final experiment protocol.
Blood samples from the tail artery were taken for the determination of a biomarker of total antioxidant capacity (see respective section below), arterial O 2 saturation, and pH (Nova Stat Profile M) at the end of each experimental protocol (control and tempol) for both groups (rest and exercise).
Rest group. Subsequent to the surgical recovery period, the tail artery catheter was connected to a 1-ml plastic syringe and blood withdrawal was initiated at a rate of 0.25 ml/min via a Harvard infusion/withdrawal pump (model 907). Simultaneously, HR and MAP were measured (Gould Statham P23ID) and recorded via the carotid artery catheter. The carotid artery catheter was then disconnected from the pressure transducer and 0.5-0.6 ϫ 10 6 15-m diameter microspheres ( 46 Sc or 85 Sr in random order; Perkin Elmer) were injected into the aortic arch to determine regional blood flows.
Following the initial microsphere injection, the animal remained in the resting condition for 30 min after which 52 mg/kg (302 mol/kg) of tempol (Sigma-Aldrich) dissolved in 1.5 ml of saline was infused into the tail artery as a bolus. This dose of tempol was selected based on previous investigations in which similar systemic bolus doses demonstrated beneficial cardiovascular effects in a variety of rat models of oxidative stress (8, 38, 39, 60, 61) . Specifically, doseresponse relationship curves indicate that significant reductions in MAP are observed for tempol concentrations as low as 17 mol/kg and are greatly enhanced up to 300 mol/kg in the spontaneously hypertensive rat (39). Nishiyama et al. (38) reported that relatively lower tempol doses (72 and 216 mol/kg) normalize vascular superoxide production and reduce vascular resistance in a number of different organs in a rat model of oxidative stress. A second microsphere injection was performed as described above 3 min after tempol administration to match the microsphere injection time during exercise (see below). Peak MAP responses are generally observed within 2-4 min following bolus infusion of tempol at similar doses used herein and return to pretreatment levels in ϳ15-20 min (39, 60, 61) . Toxic or lethal doses of tempol in rodents are approximately five to sixfold higher than used in the present investigation (34) .
Exercise group. Exercise was initiated after the stabilization period, and the speed of the treadmill was increased progressively during ϳ30 s to a speed of 20 m/min up a 5% grade (which corresponds to ϳ71-83% V O2 max in old F344xBN rats; Ref. 36 ). The rat then exercised steadily for another 2.5 min. After 3 min of total exercise time, blood withdrawal from the tail artery catheter and microsphere injection were performed as described above. Exercise was terminated ϳ15 s after microsphere injection and each rat was allowed a minimum of 30 min to recover.
After recovery from the first exercise bout, 52 mg/kg (302 mol/ kg) of tempol dissolved in 1.5 ml of saline was infused via the tail artery catheter as a bolus. Immediately following tempol administration, the tail artery catheter was reconnected to a syringe and the Harvard pump and the second bout of exercise was initiated. The exercise protocol and the second microsphere injection were performed exactly as for the control (i.e., non-tempol administration) condition.
Determination of blood flow and VC. Following the final (second) microsphere injection, each animal was euthanized by a pentobarbital overdose administered via the carotid catheter. The thorax was opened, and placement of the carotid artery catheter into the aortic arch was confirmed by anatomical dissection. The right and left kidneys, organs of the splanchnic region, and individual muscles and muscle parts of both hindlimbs were identified and removed. The tissues were blotted, weighed, and placed immediately into counting vials.
The radioactivity of each tissue was determined on a gamma scintillation counter (Packard Auto Gamma Spectrometer, model 5230). Taking into account the cross-talk between isotopes, blood flows to each tissue were determined using the reference sample method (37) and expressed as ml · min Ϫ1 · 100 g Ϫ1 . Adequate mixing of the microspheres was verified for each injection by demonstrating a Ͻ15% difference between blood flow to the right and left kidneys and to the right and left hindquarter musculature. Blood flow data were normalized to MAP and expressed as VC (ml · min Ϫ1 · 100 g Ϫ1 · mmHg Ϫ1 ). Total antioxidant capacity. Blood samples were placed in EDTA tubes containing the anticoagulant heparin (Elkins-Sinn) and centrifuged for 7 min at 7,245 g to obtain plasma samples, which were stored immediately at Ϫ80°C until analyzed. The samples were aliquoted in duplicate and the total antioxidant capacity was determined using a commercially available kit (no. K274 -100 Total Antioxidant Capacity; BioVision). Trolox was used to standardize all antioxidants, and total antioxidant capacity was measured in Trolox equivalents. The sample absorbance was analyzed at 570 nm (BioTek Instruments). Antioxidant capacity was calculated from a standard curve that spanned the range of measurements.
Statistical analysis. Variables measured either at rest or during exercise before and after tempol administration were compared using paired or unpaired Student t-tests as appropriate. The z-statistic was calculated to determine differences from zero. Pearson's productmoment correlations and linear regression analyses were conducted to examine relationships between variables. Muscle fiber type composition was based on the percentage of type I and IIa/b/d/x fibers in the individual muscles and muscle parts of the rat hindlimb as described by Delp and Duan (14) . Significance was accepted at P Յ 0.05. Results are presented as means Ϯ SE.
RESULTS
At rest, arterial O 2 saturation (control: 98.5 Ϯ 0.3; tempol: 98.6 Ϯ 0.2%) and pH (control: 7.52 Ϯ 0.02; tempol: 7.52 Ϯ 0.02) were not significantly different between control and tempol conditions. Similarly, there were no significant differences in O 2 saturation (control: 98.6 Ϯ 0.2; tempol: 98.9 Ϯ 0.1%) or pH (control: 7.45 Ϯ 0.01; tempol: 7.43 Ϯ 0.01) following tempol administration during exercise.
Total antioxidant capacity. Tempol increased total antioxidant capacity by 90% (pre: 0.16 Ϯ 0.02; post: 0.28 Ϯ 0.02 mM Trolox equivalents; P Յ 0.05) and 107% (pre: 0.14 Ϯ 0.01; post: 0.26 Ϯ 0.01 mM Trolox equivalents; P Յ 0.05) above control values at rest and during exercise, respectively.
Effects of tempol on MAP and HR. Tempol reduced MAP by 9% at rest and 16% during treadmill exercise ( Table 1 ). The reduction in MAP (⌬MAP) during exercise was correlated with the increase in total antioxidant capacity (⌬total antioxidant capacity) with tempol (r ϭ Ϫ0.69; P Յ 0.05). In contrast, HR measured during rest and exercise was not significantly different between control and tempol conditions ( Table 1) .
Effects of tempol on hindlimb muscle blood flow and VC. The effects of acute tempol treatment on resting and exercising blood flow in the individual muscles or muscle parts of the hindlimb are presented in Table 2 . Although decreasing blood flow in 3 of 28 muscles or muscle parts at rest and increasing blood flow in 6 muscles or muscle parts during exercise, total hindlimb blood flow was not affected with tempol treatment either at rest (control: 22 Ϯ 3; tempol: 19 Ϯ 5 ml·min Ϫ1 ·100 g Ϫ1 ; P Ͼ 0.05) or during exercise (control: 129 Ϯ 5; tempol: 133 Ϯ 10 ml·min Ϫ1 ·100 g
Ϫ1
; P Ͼ 0.05).
The effects of acute tempol treatment on resting and exercising VC in the individual muscles or muscle parts of the hindlimb are presented in Table 3 . Tempol administration at rest did not change VC in the great majority of individual hindlimb muscles or muscle parts (26 out of 28; Table 3 ). As a result, total hindlimb VC was not significantly different between control and tempol conditions at rest (Fig. 1) .
During exercise, tempol increased VC in 11 of 28 individual hindlimb muscles or muscle parts, while in the remaining 17 it was not significantly different between the two conditions ( Table 3 ). The contrasting effects of tempol on the change in VC (⌬VC) of select individual hindlimb muscles or muscle parts at rest compared with during exercise are depicted in Fig. 2 . As illustrated in Fig. 3 , tempol treatment produced either an increase or no change in VC during exercise in individual muscles or muscle parts containing primarily oxidative (Ͼ90% type I ϩ IIa fibers: adductor longus, soleus, and vastus intermedius) and glycolytic (100% type IIb/d/x fibers: biceps femoris anterior, gastrocnemius white, rectus femoris white, semimembranosus white, and vastus lateralis white) fibers. Thus, in contrast to the response observed at rest, tempol elevated total hindlimb VC by 25% during exercise (Fig. 1) .
Effects of tempol on kidney and splanchnic organ blood flow and VC. The effects of acute tempol treatment on resting and exercising blood flow and VC in the kidneys and organs of the splanchnic region are presented in Table 4 . Tempol decreased blood flow in the stomach, pancreas, and large intestine at rest and in the kidneys, spleen, pancreas, and large intestine during exercise. Tempol decreased VC in the large intestine at rest and the pancreas during exercise.
DISCUSSION
The present study has, for the first time, determined the effects of redox modulation via acute antioxidant administration (302 mol/kg tempol) on systemic and regional hemodynamic control at rest and during submaximal whole body exercise in aged rats. The main novel findings were that, relative to the control condition, the tempol-induced increase in total antioxidant capacity at rest and during exercise produced 1) no significant changes in HR but reduced MAP both at rest and during exercise; 2) similar VC in the great majority of individual muscles or muscle parts and in the total hindlimb at rest; 3) either an increase (11 of 28) or no change (17 of 28) in VC in individual muscles or muscle parts during exercise irrespective of fiber type composition; and 4) increased total hindlimb VC by 25% during exercise. In addition, tempol enhanced the vasoconstrictor tone in select splanchnic organs at rest and during exercise. Contrary to our hypothesis, these findings indicate that tempol treatment elicits potential beneficial effects on contracting skeletal muscle vasodilatory capacity in ϳ40% of locomotory muscles analyzed (i.e., increased VC in 11 muscles or muscle parts and the hindlimb as a whole) in aged rats and that these responses cannot be explained solely on the basis of regional differences in fiber type composition. a sole ROS. This behavior might explain previous reports of disparate mechanisms of action mediated by this nitroxide and suggests that tempol could induce beneficial cardiovascular effects in diverse models of elevated oxidative stress in addition to aging (e.g., diabetes, chronic heart failure, hypertension).
The reductions in MAP with tempol at rest and during exercise in aged rats occurred in the absence of HR alterations (Table 1 ). This implies that tempol influenced myocardial function (i.e., stroke volume) and/or systemic vascular resistance (the inverse of conductance). Given the SOD mimetic activity of tempol, the possibility exists that increased NO bioavailability following antioxidant supplementation might have induced a negative inotropic effect in cardiac myocytes (i.e., attenuated cardiac contractility; Refs. 6, 17) particularly at rest. Notwithstanding this consideration, the present data demonstrate the potential contribution of skeletal muscle vascular beds to arterial pressure modulation during exercise ( Fig. 1 and Table 3 ).
Contrary to our hypothesis, acute antioxidant treatment with tempol elevated skeletal muscle VC of aged rats during exercise but not at rest (Fig. 1) . The lack of an effect of tempol on total hindlimb VC at rest is not surprising given that aged rats evidence similar bulk muscle blood flow (36) and convective and diffusive microvascular O 2 transport (12, 42) at rest compared with their young counterparts. It is plausible that aginginduced structural changes in the vascular network (i.e., enlarged luminal diameter consequent to arterial rarefaction; Ref. 4) might act to overcome functional vascular alterations induced by ROS at rest in aged individuals. On the other hand, enhanced VC with tempol during treadmill running in aged rats could result from attenuated ROS accumulation during exercise (2, 5), which would otherwise exacerbate the underlying oxidative stress in aging (16) and impact functional vasodilation negatively (Refs. 23, 58; see Fig. 2 ).
Diminished NO bioavailability consequent to increased O 2 ·Ϫ production likely plays a pivotal role in vascular dysfunction with aging (51). As noted above, the interaction of O 2 ·Ϫ and NO produces ONOO Ϫ , which further elevates oxidative stress by inactivating the enzyme SOD (52) and uncoupling endothelial NOS (29, 59) . Previous studies (38, 44) suggest that a primary mechanism underlying the improved skeletal muscle VC during exercise in aged rats following acute tempol administration is related to its SOD mimetic properties. Patel et al. (39) demonstrated that, in rat models of oxidative stress, the reduction in MAP in response to acute nitroxide treatment can be predicted by their specific SOD mimetic activities. Our findings extend those of Patel et al. (39) by demonstrating that the decrease in MAP during exercise is correlated significantly with the increase in total antioxidant capacity following acute (46, 55) . For instance, tempol may mediate a transient vasodilatory response during oxidative stress, in part, through production of H 2 O 2 , which is subsequently metabolized to H 2 O and molecular O 2 as a result of the catalase-like activity of tempol (9) . Other studies, however, demonstrated that H 2 O 2 -induced vasodilation is not obligatory for the acute vasomotor effects of tempol (8) . Thus the SOD mimetic activity of tempol might reduce peripheral vascular resistance in conditions associated with oxidative stress not only by increasing NO bioavailability through O 2 ·Ϫ scavenging but also via H 2 O 2 -induced vascular relaxation.
Advanced age might affect the participation of H 2 O 2 in the vasodilatory response to tempol due to the characteristic increase in iron accumulation (63) highly oxidative soleus muscle of aged rats. The present study demonstrates oppositely that acute tempol administration increases total hindlimb VC during submaximal whole body exercise in aged rats ( Fig. 1) and that all individual muscles or muscle parts of the rat hindlimb irrespective of fiber type composition showed either greater or unchanged VC with tempol ( Table 3 ). The reasons for this discrepancy are not entirely clear but could involve the following. First, given the complex and redundant nature of the exercise hyperemic response (10), the interaction of distinct temporal and spatial components regulating vasomotor responses (and therefore flow) to active muscles may be disrupted in isolated preparations. Thus, notwithstanding the obvious value of single-vessel in vitro preparations, one strength of the current study is evaluation of the effects of systemic antioxidant supplementation at rest and during whole body exercise on the control of regional vascular tone in vivo (via the radiolabeled microsphere technique). Second, due to the relatively high exercise intensity utilized in the current study, an upstream shift in the locus of skeletal muscle blood flow regulation from arterioles into feed arteries might have taken place (54) . In this scenario, our findings are consistent with those of Trott et al. (51) who found enhanced relaxation to acetylcholine in senescent soleus feed arteries treated with exogenous SOD. Third, the heterogeneous control of skeletal muscle blood flow (28) and the multiple antioxidant actions of tempol (46, 48, 55) could have contributed to the similar VC responses observed in highly oxidative and glycolytic muscle fibers following tempol administration during exercise ( Fig. 3 and Table 3 ). Predominantly oxidative fibers are more likely to benefit from the SOD properties of tempol due to their relatively greater reliance on endothelium-mediated vasodilation (and thus NO bioavailability; Ref. 20) . On the other hand, muscles containing primarily glycolytic fibers would have pronounced alterations in vascular responsiveness via the inhibitory actions of tempol on SNS activity (see below and Ref. 49) owing to the relatively greater adrenergic vasoconstrictor tone of their vasculature (26) . Fourth, the catalase-like activity of tempol (48, 55) might have limited the formation of · OH via the Fenton reaction. Therefore, these effects could minimize or overcome the potential vasoconstriction mediated by · OH following antioxidant treatment with tempol in aged rats and result in unchanged or greater muscle VC across the spectrum of fiber type composition, respectively.
Several lines of evidence support that oxidative stress could mediate vascular dysregulation through alterations in SNS activity. Accordingly, ROS have been reported to stimulate Fig. 3 . Effects of antioxidant treatment with tempol on absolute (A) and relative (B) VC of select hindlimb muscles or muscle parts during exercise in aged rats. Note that muscles or muscle parts possessing high (Ͼ90% type I ϩ IIa fibers: adductor longus, soleus, and vastus intermedius; broken lines) and low percentage of oxidative fibers (100% type IIb/d/x fibers: biceps femoris anterior, gastrocnemius white, rectus femoris white, semimembranosus white, and vastus lateralis white; continuous lines) exhibited either greater or similar VC with tempol during exercise in aged rats. Muscle fiber type composition as described by Delp and Duan (14) . SE bars omitted from B for clarity. *P Յ 0.05 vs. control. Fig. 2 . Changes in vascular conductance (⌬VC) of select hindlimb muscles or muscle parts at rest and during exercise following antioxidant treatment with tempol in aged rats. Note the markedly distinct effects elicited by tempol on ⌬VC during exercise compared with rest in these 11 muscles or muscle parts, which represent the principal contributors to the increased total hindlimb VC with tempol during exercise: Add Lg, adductor longus; BFP, biceps femoris posterior; Semitend, semitendinosus; Sem Wh, semimembranosus white; Sem Red, semimembranosus red; Tib Ant Red, tibialis anterior red; Tib Ant Wh, tibialis anterior white; FDL, flexor digitorum longus. The remaining individual muscles or muscle parts examined exhibited no significant ⌬VC following tempol administration at rest or during exercise: adductor magnus and brevis; biceps femoris anterior; extensor digitorum longus; flexor halicus longus; gastrocnemius red; gastrocnemius white; gastrocnemius mixed; plantaris; rectus femoris red; rectus femoris white; soleus; tibialis posterior; vastus intermedius; vastus lateralis red; vastus lateralis white; vastus lateralis mixed; and vastus medialis. At rest, ⌬VC with tempol was not significantly different from zero in all individual muscles or muscle parts of the rat hindlimb. *P Յ 0.05 vs. rest.
central and peripheral SNS activation (7, 45) , exaggerate the exercise pressor reflex (24, 53) , and impair functional sympatholysis via reduced NO bioavailability (50) . In combination with elevated tonic SNS activation and the altered adrenergic control of skeletal muscle circulation that accompany advanced age (15, 25) , ROS-related mechanisms could contribute to impaired O 2 delivery to skeletal muscle and consequently reduce exercise capacity. It is therefore possible that the acute effects of the antioxidant tempol on muscle vascular control during exercise in aged rats observed herein were associated, at least in part, with an attenuation of sympathetic nerve discharge via mechanisms that are 1) independent of NO (potentially involving a redox-sensitive regulation of potassium channels; Refs. 8, 45, 60 -62); and/or 2) dependent on NO (i.e., via attenuation of NO bioinactivation by O 2 ·Ϫ due to the SOD mimetic activity of tempol; Refs. 8, 50).
Acute antioxidant administration decreased blood flow and VC in select splanchnic organs at rest and during exercise in aged rats (Table 4 ). The heterogeneity related to the responses mediated by antioxidant treatment across distinct vascular beds (i.e., skeletal muscle vs. splanchnic circulation) in vivo suggests that the contribution of ROS to the regulation of local vascular tone with aging varies within the cardiovascular system. In this scenario, a given antioxidant treatment might evoke potentially contrasting effects according to the basal redox state of the tissue and/or due to variations in the response to discrete stimuli (31, 41) . Regardless of the mechanism(s) associated with this behavior, enhanced vasoconstrictor tone in the splanchnic organs during exercise could serve to prevent more severe reductions in MAP and also redistribute blood flow away from those tissues towards the exercising skeletal muscle.
In addition to the proposed mechanisms presented above, the possibility exists that differences in muscle fiber recruitment during exercise may have contributed to the differential effects of antioxidant treatment on vascular control (i.e., an increase or no change in VC in individual muscles or muscle parts; Table  3 ). For instance, Laughlin and Armstrong (27) reported that muscles like the gastrocnemius red, plantaris, vastus intermedius, and vastus lateralis red are heavily recruited at submaximal running speeds (i.e., 15-45 m/min) compared with others such as the gastrocnemius white and vastus lateralis white. The finding that antioxidant supplementation did not affect either blood flow or VC in these muscles (Tables 2 and 3 , respectively) suggests rather that muscle fiber recruitment pattern per se during treadmill exercise was not a primary determinant of the effects of tempol on vascular control.
Experimental considerations. It is important to acknowledge that the exact mechanisms for the vascular effects mediated by the antioxidant tempol in aged individuals are not fully elucidated and may depend, to some extent, on the experimental design employed (e.g., intact system vs. isolated preparation; tempol concentration; acute vs. chronic tempol administration; voluntary exercise vs. electrically induced contractions; basal redox state). Because tempol mediates multiple antioxidant actions, its potential mechanisms of action likely extend beyond those considered herein. Although the current experimental model was not designed to identify the specific mechanism(s) of tempol action, the present results provide important insights into the redox regulation of regional vascular tone at rest and during exercise in aging and demonstrate for the first time that acute systemic antioxidant treatment (302 mol/kg tempol) may increase VC in select muscles (i.e., 11 of 28 muscles or muscle parts, Table 3 ; total hindlimb, Fig. 1 ) during submaximal whole body exercise in old rats. These beneficial effects of antioxidant treatment on vascular control during exercise underscore its potential utilization as a therapeutic agent in conditions associated with oxidative stress such as aging.
Consistent with previous reports (46, 48, 55) , acute systemic antioxidant treatment with tempol administration reduced MAP significantly (Table 1) . While VC is the most appropriate indicator of vascular tone when experimental protocols produce changes in systemic driving pressure, it is pertinent to note that total hindlimb muscle blood flow was not altered by antioxidant treatment either at rest or during exercise. Thus it may be argued that local O 2 delivery is regulated in proportion to tissue metabolism (i.e., O 2 utilization; see Ref. 43 ). Nevertheless, when expressed as blood flow, the effects of antioxidant treatment on different muscles located in the hindlimb are similar to those reported for VC. At rest, the majority (25 out of 28) of the individual hindlimb muscles or muscle parts showed no significant changes in blood flow with antioxidant treatment (Table 2) . During exercise, all individual hindlimb muscles or muscle parts irrespective of fiber type composition exhibited either an increase or no change in blood flow following antioxidant administration (6 and 22 muscles or muscle parts, respectively; Table 2 ). Comparison with previous research. The integration of the current results with previous investigations on the effects of antioxidants on skeletal muscle and vascular function is not straightforward owing to the lack of units for the quantification of redox state (41) and, as discussed above, to the utilization of different experimental models. Recently, our laboratory reported that modulation of skeletal muscle redox state through antioxidant supplementation (52 mg/kg tempol and 76 mg/kg ascorbic acid infused over 30 min) reduced blood flow and VC during electrically induced contractions in the mixed fiber type spinotrapezius muscle (41% type I, 24% type IIa/d/x and 35% type IIb; Ref. 14) of aged rats (18) . As suggested by Copp et al. (11) , the redox modulation of vascular tone may follow a biphasic response similar to the theoretical model proposed by Reid (41) for muscle function (i.e., force production). The model predicts that deviations from optimal redox state for vasomotor control are associated with reduced functional vasodilatory capacity and translate into diminished skeletal muscle VC during exercise. It is therefore conceivable that the combined antioxidant therapy in our previous study (18) resulted in a leftward shift along the bell-shaped response profile of the aged skeletal muscle from an oxidized to a reduced state that is placed beyond the optimal redox state for vasomotor control and produces further reductions in muscle VC. Taken together, these effects illustrate a crucial role for ROS in the maintenance of normal cell functions, the pressing need for determination of the optimal dosage of antioxidant supplementation, and the delicate nature of the redox control of skeletal muscle and vascular function that may, along with other factors, ultimately determine exercise tolerance.
Conclusions. The antioxidant tempol impacted significantly the redox regulation of contracting skeletal muscle vascular tone in aged rats. In marked contrast to the resting condition, increased or unchanged VC in all individual muscles or muscle parts irrespective of fiber type composition following antioxidant administration elevated total hindlimb muscle VC by 25% during exercise. These findings support the concept that agerelated oxidative stress impairs skeletal muscle vasodilatory capacity during submaximal dynamic exercise and implicate ROS accumulation as a contributor to exercise intolerance in aging. Therefore, acute antioxidant supplementation with tempol could potentially improve the ability to match muscle O 2 delivery to demand and enhance exercise tolerance in this population.
